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[57] ABSTRACT 
A limiting electric current type oxygen sensor compris 
ing a ?rst electrode of a gas-permeable ?lm, a thin solid 
electrolyte ?lm which is crystallized along one direc 
tion to decrease resistance and which has a thickness 
falling in the range between 0.1 pm and 30 um, and a 
second electrode of a gas-permeable ?lm sequentially 
formed on an electrically insulating substrate. This lim 
iting electric current type oxygen sensor is also pro 
vided with a porous coating layer or a dense coating 
layer. The porous coating layer made of A1203, SiOZ, 
spinnel, SiC, Si3N4 and etc., has a porosity of not more 
than 30% and a thickness of not less than 1 pm, and 
serves as a gas diffusion ?ow rate-determining portion. 
The dense coating layer serves to control a gas perme 
ation path such that either the ?rst electrode or the 
substrate is used as the gas diffusion ?ow rate-determin 
ing portion. - 

31 Claims, 26 Drawing Figures 
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LIMITING ELECTRIC CURRENT TYPE OXYGEN 
SENSOR 

This is a continuation of application Ser. No. 589,503 
?led Mar. 14, 1984 and now abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a limiting electric 

current type oxygen concentration sensor as one of 
oxygen concentration measuring sensors such as a mag 
netic type sensor utilizing the paramagnetic property of 
oxygen and zirconia type and galvanic cell type sensors 
which utilize the oxygen ionic conductivity. 

2. Description of the Prior Art 
Electrodes are formed to both major surfaces of an 

oxygen ionic conductive solid electrolyte plate, and an 
electric current ?ows through the solid electrolyte plate 
to move the oxygen for one direction. When a hermetic 
cover is provided for one of the electrodes, oxygen is 
supplied at a predetermined flow rate from an external 
source inside the cover, and a voltage is applied across 
two electrodes using the electrode at the side of the 
cover as a cathode, movement of oxygen ions can be 
effected in proportion to an amount of oxygen supplied 
thereto, so that an electric current ?ows from the anode 
to the cathode. The amount of oxygen ?owing in the 
cover can then be calculated in accordance with the 
value of the electric current. The concentration of oxy 
gen can be calculated if it is proportional to the ?ow 
rate thereof. The following sensor is conventionally 
proposed to serve as a limiting current type oxygen 
sensor which realizes the above-mentioned principle. 
Electrodes are formed to the upper and lower surfaces 
of a sintered solid electrolytic plate, and one of the 
electrodes is hermetically sealed with a cover. At the 
same time, an aperture is formed in a part of the cover 
such that the diffusion rate of oxygen in a gas to be 
measured and ?owing therethrough serves as a deter 
mining factor such that the diffusion ?ow rate of oxy 
gen is proportional to the concentration of oxygen. 
Alternatively, a porous coating layer is used in place of 
the cover with an aperture. In addition, electrodes are 
formed on inner and outer surfaces of a hollow cylindri 
cal sintered body, and a coating is formed on an outer 
electrode such that the ?ow rate of oxygen gas is pro 
portional to the concentration thereof. The sensor hav 
ing the construction described above is heated by a 
heater to a temperature of 500° to 800° C. to get the 
oxygen gas ionized and conducted through the solid 
electrolytic plate. However, according to this conven 
tional method, the oxygen concentration detecting de 
vice becomes large in size as a whole, and becomes 
complex in structure. Recently, a device having a sen 
sor integrally formed with a heater has been proposed. 
However, the sensor of this type still presents the fol 
lowing drawbacks 

(a) The sensor as a whole must be heated to a high 
temperature to realize good ionic conduction and hence 
decrease an electric resistance of the sensor. 

(b) Variations in apertures of the cover and the poros 
ity of the porous coating layer result in deviations in 
characteristics of the sensor. 

(0) A lot of power is required to heat the sensor since 
the sensor is large in size. 
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SUMMARY OF THE INVENTION 

The present invention seeks to overcome the prob 
lems of the conventional limiting electric current type 
oxygen sensors described above, and has for its object 
to provide a compact limiting electric current type 
oxygen sensor wherein a measuring range is wide, good 
measuring characteristics can be obtained at a relatively 
low temperature, measurement stability is good, varia 
tions in the characteristics are small, and sensor size is 
small. 

In order to achieve the above object of the present 
invention, there is provided a construction wherein 
sensor resistance is decreased, and at the same time, the 
diffusion flow rate of oxygen gas can be stably deter 
mined by oxygen diffusion. 
The present invention provides a basic sensor con 

struction obtained by sequentially stacking a ?rst elec 
trode, a thin solid electrolyte thin ?lm and a second 
electrode on a substrate. The ?rst and the second elec 
trode are gas-permeable. 
The thin solid electrolyte ?lm has a speci?c orienta 

tion of crystal and has a thickness of 0.1 pm to 30 pm to 
get the decreased resistance of the sensor. The ?rst and 
second electrodes are made of a Pt, Pd or Ag material, 
or an alloy containing Pt, Pd or Ag as a major constitu 
ent. ~ 

An oxygen gas flow rate-determining portion is pro 
vided in any one of the substrate, an electrode, or the 
gas-permeable coating. In order to detect the concen 
tration of oxygen more precisely, it is necessary to add 
an impermeable coating layer so as to avoid gas diffu 
sion flow from the cathode side. 
On the other hand, when the rate-determining por 

tion is constituted by the gas-permeable coating, the 
coating is preferably made of A1203, SiOg, spinnel, SiC 
or Si3N4. The coating preferably has a thickness of 10 
pm and a porosity of not more than 30%. 
The substrate may comprise silicon, and necessary 

processing circuits such as a circuit for detecting a limit 
ing electric current and converting the limiting electric 
current to a voltage, and an oxygen concentration de 
tecting circuit such as a constant temperature control 
circuit for controlling a heating temperature to be con 
stant may also be formed on the single silicon substrate 
having the " oxygen concentration detecting circuit 
thereon. ‘ 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph showing resistivity-temperature 
characteristics of solid electrolytes prepared by various 
methods; ' 

FIG. 2 is a graph showing the resistance of a sample 
as a function of the thickness of the solid electrolyte, 
when a sample of a size of 3X3 mm with platinum 
electrodes each having a size of 2X 2 mm is measured in 
an air at a temperature of 700° 0; 
FIG. 3 is a perspective view showing the construc 

tion of a limiting electric current type oxygen sensor 
according to an embodiment of the present invention; 
FIG. 4 is a graph showing the current-voltage char 

acteristic curves of the oxygen sensor of FIG. 3 when 
the concentration of 02 contained in N2 gas is used as a 
parameter; 
FIG. 5 is a graph showing the characteristics of the 

oxygen concentration vs. current when the sensor is 
kept at a constant temperature of 700° C. and a voltage 
of 0.75 V is applied thereto; 
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FIG. 6 is a sectional view of a limiting electric cur 
rent type oxygen sensor according to another embodi 
ment wherein the diffusion ?ow rate of the oxygen gas 
is determined by a cathode member; 
FIG. 7 is a graph showing the resistance-temperature 5 

characteristics of the solid electrolyte; 
FIG. 8 is a graph showing the current-voltage char 

acteristic curves in a 10% oxygen gas atmosphere when 
the gas temperature is used as a parameter; 
FIG. 9 is a sectional view of a limiting electric cur= 10 

rent type oxygen sensor according to still another em 
bodiment wherein the diffusion ?ow rate of the oxygen 
gas is determined by the substrate; 
FIG. 10 is a graph showing the current-voltage char 

acteristic curves when the quantity of air permeating 15 
through the substrate is used as a parameter; 
FIG. 11 is a sectional view of a limiting electric cur 

rent type oxygen sensor according to still another em 
bodiment wherein the diffusion flow rate of the oxygen 
gas is determined by the coating; 
FIG. 12 is a graph showing the current-voltage char 

acteristic curves of the oxygen sensor of FIG. 11 in a 
5% oxygen gas atmosphere when the coating comprises 
an A1203 ?lm and the ?lm thickness is used as a parame 
ter; 
FIG. 13 is a graph showing the current-voltage char= 

acteristic curves of the oxygen sensor of FIG. 11 in a 
5% oxygen gas atmosphere when the porosity of the 
coating is used as a parameter; 
FIG. 14 is a graph showing the resistivity-tempera 

ture characteristics of various solid electrolytes pre 
pared by sintering; 
FIG. 15 is a graph showing the characteristics of the 

voltages vs. oxygen concentrations of sensors obtained 35 
by using the above~mentioned various solid electrolytes 
when the sensors are heated to a temperature of 700° C. 
and a voltage of 0.75 V is steadily applied thereto; 
‘ FIG. 16 is a graph showing the characteristics of the 
current vs. oxygen concentration of a sensor prepared 40 
such that a solid electrolyte is obtained by adding W03 
to Bi2O3, when the sensor is heated to a temperature of 
300° C. and a voltage of 0.75 V is applied thereto; 
FIGS. 17 and 18 are partially cutaway perspective 

views showing limiting electric current type oxygen 45 
sensors having cylindrical substrates, respectively; 
FIG. 19 is a sectional view showing a limiting electric 

current type oxygen sensor according to still another 
embodiment of the present invention wherein a process 
ing circuit is formed together with a sensor section on a 50 
single substrate; 
FIG. 20 is a plan view of the oxygen sensor shown in 

FIG. 19; 
FIG. 21 is a schematic block diagram showing a 

heater temperature control circuit used in the limiting 55 
electric current type oxygen sensor of the present in 
vention; 
FIG. 22 is a detailed block diagram of the circuit of 

FIG. 21; 
FIG. 23 is a block diagram showing another heater 60 

temperature control circuit used in the limiting electric 
current type oxygen sensor of the present invention; 
FIG. 24 is a circuit diagram of a processing circuit 

which comprises a heater temperature control circuit 
for properly controlling a temperature rise in the heater 65 
at the beginning of heating and an oxygen concentration 
detecting circuit, and which is used in the limiting elec 
tric current type oxygen sensor of the present invention; 

20 

25 

30 

4 
FIG. 25 is a graph showing the relationship between 

the temperature and the current of a limiting electric 
current type oxygen sensor (lean sensor) of the present 
invention when an oxygen concentration is given to be 
constant; and 
FIG. 26 is a graph showing the relationship between 

the passage of time of heating the sensor and the output 
current of the sensor. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

(Thickness of Solid Electrolyte) 
Dense solid electrolytes capable of allowing only 

oxygen ions to conduct therethrough can be prepared 
by sintering (including a green sheet method, screen 
printing and so on), and physicochemical methods (e. g., 
sputtering, vacuum evaporation, and chemical vapor 
deposition (CVD) etc.). The physicochemical methods 
are used in the present invention. The solid electrolytes 
(Y 203 stabilized ZrOz) prepared by these methods have 
resistivity-temperature characteristics as shown in FIG. 
1. As is apparent from FIG. 1, resistivities of the solid 
electrolytes greatly differ in accordance with the manu 
facturing methods. In order to obtain a dense solid elec 
trolyte having good ionic conductivity, a glass-based 
material for sintering acceleration should not be added 
to the electrolyte material. The oxide material is sin 
tered after pressing. However, according to this 
method, sintering conditions become onerous such that 
the oxide material must be sintered at a temperature of 
2,000“ C. in an outer atmosphere for several hours. On 
the other hand, in sintering using a glass~based additive 
in a method (e.g., sintering after pressing, green sheet 
method, screen printing), the solid electrolyte can be 
sintered at a temperature of not higher than l,600° C. to 
obtain a sufficiently dense sintered body. In this case, 
however, the resistivity of the resultant sintered body is 
greatly increased. In the methods described above, the 
thickness of the resultant solid electrolyte can be de 
creased to obtain a low electric resistance. However, it 
is impossible to decrease the thickness of the solid elec 
trolyte to be less than 50 um due to a difficulty of manu 
facture. On the other hand, in thin solid electrolyte ?lms 
prepared by the physicochemical methods (e.g., sput 
tering, vacuum evaporation and CVD), a good crystal 
structure is obtained depending on a manufacturing 
condition, so that a dense thin solid electrolyte ?lm can 
be prepared. The resistivity of a resultant solid electro 
lyte comprising a thin solid electrolyte ?lm is only 
slightly higher than that obtained by the method 
wherein the glass-based additive is not used. As a result, 
a thin solid electrolyte ?lm having a relatively low 
resistivity can be obtained. In addition, the ?lm thick 
ness can fall within the wide range between 10 um and 
several tens of angstroms. Therefore, the electric resis 
tance of the electrolyte can be reduced theoretically to 
1/100 to 1/500 of that of the electrolyte obtained by 
conventional sintering wherein the thickness of the 
electrolyte is greatly decreased. 
However, in practice, the small thickness range at 

tainable is limited. Moreover, a thin ?lm of poor quality 
cannot decrease the electric resistance of the resultant 
solid electrolyte. In addition to these disadvantages, 
stable operation cannot be expected. It is important to 
form a thin crystalline ?lm which has good quality and 
high stability. It is also important to ?nd an optimal 
thickness range of the ?lm. The relationship between 
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the resistances and the thicknesses of the thin solid elec 
trolyte ?lms at an ambient temperature of 700° C. is 
illustrated in FIG. 2. 

Referring to FIG. 2, when a ?lm thickness of each 
solid electrolyte is decreased to be not more than 0.1 
pm, its resistance is abruptly decreased, so that the thin 
?lm is short-circuited. However, when the thickness of 
the ?lm is not less than 0.1 pm, the resistance is substan 
tially proportional to the ?lm thickness. When the 
thickness is increased, the resistance is also increased. 
Therefore, the ?lm thickness must be not less than 0.1 
pm. In addition, in practice, the deposition rate of the 
?lm according to the physicochemical method is as low 
as several tens of angstroms to several hundreds of 
angstroms per minute. Furthermore, when the ?lm 
thickness is increased, the resistance becomes exces 
sively high, and a detected electric current becomes 
small, resulting in inconvenience. Therefore, the ?lm 
thickness preferably falls within the range between 0.1 
pm to 30 pm. 

(Film Quality of Solid Electrolyte) 
FIG. 3 shows a construction of a limiting electric 

current type oxygen sensor according to an embodi 
ment of the present invention. 
A cathode 5 of a platinum ?lm, a thin solid electrolyte 

?lm 3 of Y2O3 stabilized Z1'02, an anode 4 of a platinum 
?lm, and a thin A1203 coating 7 having an opening to 
expose part of the anode 4 are sequentially formed on 
one major surface of an SiOg insulating substrate 6, 
thereby constituting a sensor section. A heater 1 of a 
thin Pt ?lm in a zigzag pattern is formed on the oppos 
ing major surface of the insulating substrate 6 to heat 
the sensor section. The entire structure is covered with 
a porous coating 2 to protect the structure. Lead wires 
8 and 8’ are connected to the heater 1, and lead wires 9 
and 10 are respectively connected to the anode 4 and 
the cathode 5. The lead wires 8, 8', 9 and 10 comprise Pt 
wires each having a diameter of 50 pm. 

In the limiting electric current type oxygen sensor 
using the thin solid electrolyte ?lm, it is desired to form’ 

15 

25 

40 

a dense thin ?lm which has a low electric resistance and - 
though which only oxygen ions are conducted. In order 
to clarify the conditions for these requirements, the 
following test was performed. 
A solid electrolyte (Y 203 stabilized ZrOg) was depos 

ited by a high-rate sputtering apparatus on an upper 
surface of a quartz substrate (having a size of 
20><20><0.5 mm) for about 2 to 4 hours under the fol 
lowing conditions: 

Distance between target and substrate: 75 mm 
Sputtering atmosphere: 
(1) Ar atmosphere at a pressure of 4X 10-3 Torr at 
Ar flow rate og 20 cc/rnin 

(2) 1O%-O2/Ar atmosphere at a pressure of 4X 10-3 
Torr 

Input power: ~300 W 
Substrate temperature: 20° C., 200° C., 500° C., 700° 

C., 1,000° C. 
Sputtering time: 4 to 8 hours 
X-ray diffraction analysis was performed for each of 

the thin sputtered Y2O3 stabilized ZrOg ?lms. It was 
found that different crystal structures were obtained in 
accordance with different gas atmospheres and differ 
ent substrate temperatures. 

45 
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TABLE 1 

Sputtering Substrate heating 
atmosphere temperature (°C.) Orientation of crystal 

@ Ar gas 200 or lower Amorphous 
200 to 500 [111] + [220] ?brous 

texture 
500 or higher Weak [111] ?brous 

texture 
@ Ar + O; 200 or lower Amorphous 

gas 200 to 350 Weak [111] ?brous 
texture 

350 or higher Strong [111] ?brous 

These resultant ?lms were annealed in the outer at 
mosphere at a temperature of l,O00° C. for 3 hours, and 
were then subjected to X-ray diffraction again to check 
changes in crystal structure following annealing. As a 
result, in the amorphous ?lm prior to annealing, upon 
annealing crystal growth slightly occurs along the ori 
entation [l l l] and [220] of crystal. However, when the 
crystal is grown along the speci?c direction, no change 
occurs in the crystal structure even if annealing is per 
formed. A sensor having a multilayer structure was 
prepared, as shown in FIG. 3. The current-voltage 
characteristics of the sensor were examined using the 
concentration of 02 gas in N2 gas as a parameter. The 
results are shown in FIG. 4. In addition, the characteris 
tics of the oxygen concentration vs. current were exam 
ined when a constant voltage of 0.75 V was applied to 
the sensor shown in FIG. 3. In this case, the sensor was 
heated to a constant temperature of 700° C. An output 
current increases in proportion to the oxygen concen 
tration at the beginning of heating, as shown in FIG. 5. 
In addition, in order to examine the stability of the 
sensor, a change in output current from the sensor as a 
function of time was examined in an air while the sensor 
was heated at the constant temperature of 700° C. Re 
sults are shown in Table 2. 

TABLE 2 
Stability test for different ?lm qualities 

Time 
Before 
test After 50 After 200 After 500 Eval 

Film quality (mA) hours hours hours uation 

Amorphous . i: 0.8 20% out- 40% out- 64% out~ x 
. put cur- put cur- put cur 

rent in» rent in- rent in 
Y .. . crease crease crease 

Weak [111] 1.1 3% out- 4% out- 5% out- o 
?brous texture; put cur- put cur- put cur 
oriented rent in- rent in- rent in 

crease crease crease 

Strong [111] 1.3 2% out- 3% out- 3% out- o 
?brous texture; put cur- put cur- put cur 
orieuted rent in- rent in- rent in 

crease crease crease 

[lll] + [220] 1.2 1% out- 1% out- 1% out- o 
?brous texture; put cur- put cur- put cur 

rent in 
crease 

rent in 
crease 

rent in 
crease 

oriented 

According to Table 2, in a thin amorphous solid elec 
trolyte ?lm, the output current increases over time, so 
that great changes occur over time. However, in a thin 
solid electrolyte ?lm whose crystal is grown in a spe 
ci?c orientation, the change in output current is small, 
so that stable operation can be obtained. 

It is necessary to use as an oxygen sensor material a 
?lm havinq a given orientation of crystal. 
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In this embodiment, the Y2O3 stabilized ZrOg mate 
rial is used as the thin solid electrolyte ?lm material. 
However, a stabilizer such as Yb2O3, Gd203, MgO, 
CaO, and S0203 may be added to ZrOg. Alternatively, 
Bi203 containing Y2O3, EI‘203, W03 or the like may be 
used. In these cases, it is also necessary to prepare a ?lm 
having a speci?c direction of crystal. 

(Electrode Material) 
FIG. 6 is a sectional view of a limiting electric cur 

rent type oxygen sensor according to a second embodi 
ment of the present invention. This sensor has a con 
struction wherein a diffusion flow rate of oxygen gas 
can be determined by a cathode 5 by using a dense 
coating 7. The oxygen gas is converted by the cathode 
5 to oxygen ions. These oxygen ions are conducted 
through a thin solid electrolyte ?lm 3 and are moved to 
an anode 4. The oxygen ions are converted to oxygen 
gas by an anode 4. The oxygen gas passes through the 
coating 7. In this case, the electrode members must be 
brought into ohmic contact with the thin solid elec 
tolyte ?lm. If an optimal electrode material is not se 
lected, the following phenomenon occurs, thereby de 
grading the temperature characteristics. More particu 
larly, the electrodes are formed to the thin solid electro= 
lyte ?lm, and the resistance-temperature characteristics 
are examined by a four-terminal method and a two-tern 
mina] method. The results are shown in FIG. 7. In 
addition, the current-voltage characteristics of the sen 
sor are shown in FIG. 8 when the sensor is placed in 
10% oxygen gas atmosphere and the gas temperature is 
.used as a parameter. According to the results shown in 
FIG. 7, the resistance measured by the four-terminal 
method greatly differs from that measured by the two 
terminal method when the gas temperature is de 
creased. The resistance measured by the four-terminal 
method indicates that of the solid electrolyte, so that a 
difference between the resistances measured by the 
"four- and two-terminal methods indicates a resistance at 
an interface of the electrodes and the electrolyte. There 
fore, as shown in FIG. 7, since the resistance measured 
by the two-terminal method becomes greater than that 
measured by the four-terminal method when the sensor 
temperature decreases, the interface resistance in= 
creases. In addition, according to the results in FIG. 8, 
the current-voltage characteristics of the sensor greatly 
change in accordance with a- change in gas temperature. 
This is because the electrode interface resistance is af 
fected. 
The conditions for the electrode material lie in the 

requirement for a material that can effectively convert 
oxygen gas to oxygen ions and can cause the oxygen 
ions to effectively move through the solid electrolyte. 
In other words, the electrode material must have an 
ohmic contact with the solid electrolyte. In order to 
determine which material is most proper as the elec 
trode material, the following samples were prepared 
and their characteristics were measured. 

(A) Samples 
(a) Sample for examining current-voltage characteris 

tics at a constant oxygen concentration 
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Sample obtained such that an electrode of each of ' 
various electrode materials, a Y2O3 stabilized ZrOg ?lm, 
another electrode of each of various electrode materials 
and the coating are sequentially deposited on an alu 
mina substrate (FIG. 6) 

(h) Sample for measuring resistance by the two-termi 
nal method 
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Sample obtained such that an electrode of each of 

various electrode materials, a thin Y203 stabilized ZrOg 
?lm and another electrode of each of various electrode 
materials are sequentially deposited on an A1203 sub 
strate 

(0) Sample for measuring resistance by the four-ter 
minal method 
Sample obtained such that a thin Y2O3 stabilized 

ZrOz stripe is formed on an alumina substrate, and four 
electrodes are connected to the ?lm at equal intervals 

(B) Measuring Method of Characteristics 
(a) A current is detected and measured at a gas tem 

perature of 500° C. in a 5% oxygen gas atmosphere 
while a voltage of 0.5 V is applied to the sample. 

(b) A response time is measured at a gas temperature 
of 500° C. when an electric current changes up to 50% 
while an oxygen concentration changes from 0% to 5% 
at a constant voltage of 0.5 V. 

(0) An electrode-electrolyte interface resistance is 
measured at a gas temperature of 500° C. in accordance 
with a difference between resistances of the sample 
which are measured by the two- and four-terminal 
methods. 
These results are summarized in Table 3. 

TABLE 3 
Detected current/responae/interface resistance 
characteristics for different electrode materials 

Electrode 
electrolyte 

Detected interface 
Electrode current Response resistance 
material (mA) time (msec) (0) Evaluation 

Pt 0.15 500 120 A 
PtcRh = 9:1 0.1 650 210 A 
PtzRh = 5:5 0.05 3,000 230 x 
Pd 0.25 90 40 o 
PtzPd = 9:1 0.2 100 70 o 
PtzPd = 5:5 0.2 100 83 o 
Rh 0.05 3,000 340 x 
Ag 03 70 50 o 
Pt:Ag = 9:1 0.3 70 60 o 
Pt:Ag = 5:5 0.3 70 63 0 
Cr 0.05 4,000 410 x 
Pt:Cr = 5:5 0.1 700 200 A 
PtzNi = 9:1 017 600 160 A 
AgzAu = 9:1 0.25 200 113 A 
PtzAu = 9:1 0.20 400 154 A 
Au 0.06 very poor 1,300 x 

response 

According to Table 3, the detected current, response 
time and interface resistance greatly vary in accordance 
with different electrode materials. It is found that an 
optimal electrode material having a low interface resis 
tance is Pt, Pd or Ag, or an alloy containing Pt, Pd or 
Ag as a major constituent. (Substrate as Oxygen Gas 
Rate-Determining Portion) 
FIG. 9 is a sectional view showing a limiting electric 

current type oxygen sensor according to a third em 
bodiment of the present invention wherein the diffu 
sion-?ow rate of oxygen gas is determined by substrate 
6 for supporting a thin solid electrolyte ?lm. This sensor 
has a sensor section having a construction wherein 
heater 1 is formed on one major surface of the substrate 
6, and cathode 5, thin solid electrolyte ?lm 3, anode 4 
and impermeable coating 7 having an aperture corre 
sponding to part of the anode 4 are formed on the other 
major surface of the substrate 6. The entire structure is 
covered with a porous coating. According to this em 
bodiment, it is important to properly select the substrate 
material for determining the diffusion-flow rate of oxy 
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gen gas. Different limiting electric current type oxygen 
sensors having the structure shown in FIG. 9 are pre 
pared using different substrate materials having differ 
ent gas permeabilities. The gas permeability was mea 
sured by the quantity of air ?owing through each sub 
strate having a diameter of 20 mm and a thickness of 0.3 
mm while an air pressure of l kg/cm2 acted on one of 
the major surfaces of the substrate. 
The current-voltage characteristics of sensors having 

different substrates were measured at a sensor tempera 
ture of 700° C. and a 5% oxygen concentration. Results 
are shown in FIG. 10 wherein the quantity of air flow 
ing through the substrate is used as a parameter. Ac 
cording to the results of FIG. 10, the oxygen gas rate 
determination varies in accordance with a change in the 
air permeability rate. When a substrate material has an 
air permeability rate of not more than 3 cc/min, even if 
the voltage changes, the limiting electric current char 
acteristic becomes substantially constant, thereby ob 
taining suf?cient electrical characteristics of the limit 
ing electric current type oxygen sensor. In practice, a 
material having an air permeability rate of up to 50 
cc/min can be used as a substrate material. 
The substrate material can comprise A1203, SiOz, SiC 

or an Si3N4-based material. 
(Coating as Oxygen Gas Rate-Determining Portion) 
FIG. 11 is a sectional view showing a limiting electric 

current type oxygen sensor according to a fourth em 
bodiment of the present invention wherein the diffu 
sion-flow rate of oxygen gas is determined by a coating. 
The sensor of this type has a construction wherein thin 
SiO2 insulating ?lm 11, a heater 1, an A1203 or SiOz 
insulating ?lm 9, cathode 5, thin solid electrolyte ?lm 3, 
anode 4, and coating 2 are sequentially formed on one 
major surface of an Si substrate 6. In order to minimize 
power consumption of the sensor, a portion of the sili 
con substrate which corresponds to the sensor section 
may be etched by anisotropic etching from the other 
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major surface of the Si substrate 6. According to this . . 
fourth embodiment of the present invention, the coating 
greatly in?uences the sensor characteristics. The rela 
tion between the thickness and porosity of the coating, 
and the sensor characteristics was examined in the fol-' 
lowing manner. 

(a) An A1203 target material was sputtered as coating 
2 by a high-rate sputtering apparatus. The current-volt 
age characteristics of the coating 2 were examined in a 
5% 02 gas atmosphere with the thickness of the A1203 
?lm being used as a parameter. The results are shown in 
FIG. 12. 

(b) An AlgOg-based paste having different A1203 
particle sizes was coated as the coating 2 by screen 
printing to a thickness of about 10 pm. The current 
voltage characteristics cf the coating 2 were measured 
in a 5% 02 gas atmosphere when a porosity of the coat 
ing was used as a parameter. The results are shown in 
FIG. 13. 
According to FIG. 12, when the coating has a poros 

ity of not less than 5 pm and a porosity of not more than 
10%, an electric current does not substantially change 
even if a voltage varies between 0.2 V and l V. This 
shows that the diffusion flow rate of oxygen gas can be 
properly determined. In practice, the coating thickness 
is preferably not less than 1 um, as shown in FIG. 12, 
and its porosity is preferably not more than 30%, as 
shown in FIG. 13. Any one of the materials A1203, 
S102, spinnel, SiC or Si3N4 can be used as a coating 
material. 
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(Solid Electrolyte Material) 
A solid electrolyte material can be properly selected 

to decrease the electric resistance of the sensor and 
provide good oxygen ionic conduction, as an alterna 
tive to decreasing the thickness of the thin solid electro 
lyte ?lm as previously described. 
FIG. 14 shows the resistivity-temperature character 

istics of various types of solid electrolytes. Solid elec 
trolytes such as Yb2O3 stabilized ZrOz, S0203 and 
Yb2O3 stabilized ZI'O2 and W03 stabilized Bi2O3 were 
sputtered as the target materials to respectively prepare 
sensors with heaters in the same manner as for the type 
of sensor shown in FIG. 6. The relations between the 
oxygen concentraticns and the electric currents‘ were 
measured. The results are shown in FIGS. 15 and 16. 
FIG. 15 shows the relations between the currents and 
oxygen concentrations of a Yb203 stabilized ZrOg solid 
electrolyte and a (Yb2O3 and S0203) stabilized ZrOz 
solid electrolyte when the sensors are heated to a tem 
perature of 700° C. and a voltage of 0.75 V is applied 
thereto. FIG. 16 shows the relation between the current 
and oxygen concentration of a W03 stabilized Bi2O3 
solid electrolyte when the sensor is heated to a tempera 
ture of 300° C. and a voltage of 0.75 V is applied 
thereto. 
According to these results, the sensor temperature 

during operation can be greatly decreased when a 
proper solid electrolyte is selected. In addition, a high 
output current can be obtained. Therefore, in order to 
improve ionic conduction and increase the output cur 
rent, the coating is preferably made of a material com 
prising ZrOz and as a stabilizer at least one of Y2O3, 
Yb2O3, Gd203 and S0203, or a BigOg-material contain 
ing Y203, Er2O3 and/ 01' W03. 

(Shape of Substrate) 
A thin solid electrolyte ?lm having good crystallinity 

can be arbitrarily formed by a physicochemical method 
on any one of the substrates. The substrate or base may 
have a sheet-like shape (FIGS. 3, 6, 9, 11 and 19), a 
cylindrical shape (FIGS. 17 and 18), or a spherical 
shape. In this manner, the base is not limited to a speci?c 
shape. ’ 

The sensor side of the base may be brought into 
contact with the gas to be measured, and the opposite 
side of the base may be brought into contact with an 
other gas such as air. For this purpose, a hollow cylin 
drical base 6' one end of which is closed, as shown in 
FIG. 17, or a hollow cylindrical base 6" having both 
ends open, as shown in FIG. 19, can be used. Heater 1 
is formed on the inner surface of the base 6’ or 6". The 
cathode 5, a thin solid electrolyte ?lm 3, anode 4 and 
coating 2 are sequentially formed on the outer surface 
of the base 6' or 6". Reference numeral 12 denotes an 
insulating ?lm. 

In addition, as shown in FIG. 11, the base can be 
formed by etching to be of bridge or diaphragm type. 
Therefore, a thin ?lm limiting electric current type 
sensor with a heater, as shown in FIG. 11, can be 
formed on a silicon substrate having a processing circuit 
section including a converter for converting to a volt 
age the output current detected by a limiting electric 
current type oxygen sensor, a detector for measuring 
the electric resistance of the heater and detecting heater, 
temperature, a presetter for setting the heater tempera 
ture to a target temperature, a circuit for controlling 
power supply to the heater, and the circuit for control 
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ling a heating rate of the heater. The sensor of this type 
is illustrated in FIGS. 19 and 20. 
FIG. 19 is a sectional view of the sensor described 

above, and FIG. 20 is a plan view thereof. A processing 
circuit section 13 is formed on a part of a silicon sub 
strate 6, and a sensor section is formed on another part 
thereof and is electrically connected to the processing 
circuit section 13. The sensor section has a construction 
such that an S102 ?lm 11, heater 1, A1203 ?lm 14, cath 
ode 5, thin electrolyte ?lm 3, anode 4 and so on are 
sequentially formed on the silicon substrate 6. Refer 
ence numerals 15 and 16 denote A1203 ?lms; 17, an 
Si3N4 ?lm; and 18, Pt electrodes, respectively. 

(Processing Circuit Section) 
The processing circuit section will be described in 

detail with reference to the accompanying drawings. 
FIG. 21 is a schematic block diagram of a heater 

temperature control device to be used in the sensor of 
the present invention. The output from a temperature 
detector 32 and the output from a temperature presetter 
33 for presetting the sensor temperature are supplied to 
a ?rst comparator 34. The ?rst comparator 34 compares 
the outputs which respectively represent the detected 
temperature and the preset temperature and generates 
an output which represents a difference therebetween. 
The output from the ?rst comparator 34 is ampli?ed by 
a ?rst ampli?er 35. An ampli?ed output is supplied to a 
minimum value selector 36. 

Meanwhile, the output from the temperature detector 
32 is also supplied to a temperature rise rate detector 37. 
The temperature rise rate detector 37 detects a rise rate 
of temperature. A detected output is supplied to one 
input terminal of a second comparator 38. A tempera 
ture rise rate presetter 39 storesv preset rise rate data 
corresponding to the sensors to be used. Proper preset 
data of the presetter 39 is supplied to the other input 
‘terminal of the second comparator 38. The second com 
parator 38 compares the detected rise rate with the 
preset rise rate and generates an output which repre= 
sents a difference therebetween. A difference output is 
ampli?ed by a second ampli?er 40, and an ampli?ed 
signal is supplied to the minimum value selector 36. The 
minimum value selector 36 compares the output from 
the ?rst ampli?er 35 with the output from the second 
ampli?er 40 and selects the smaller value. The heater 1 
is heated in accordance with the selected value. 

In the arrangement described above, at the beginning 
of heating the actual temperature detected by the tem 
perature detector 32 is much lower than the preset 
temperature data read out from the temperature preset 
ter 33, so that the output from the ?rst ampli?er 35 
becomes great. When heating of the heater is controlled 
in accordance with this value, the temperature rise rate 
is increased. This rise rate is detected by the tempera 
ture rise rate detector 37 and is compared by the second 
comparator 38 with the preset value read out from the 
temperature rise rate presetter 39, so that the second 
comparator 38 generates the difference as described 
above. The temperature rise rate is greatly increased at 
the beginning of heating as described above, so that the 
output from the second comparator 38 is abruptly de 
creased to be zero. The minimum value selector 36 
selects the smaller one of the outputs from the ?rst and 
second ampli?ers 35 and 40. When the detected temper 
ature rise rate comes close to the preset temperature rise 
rate, the selector 36 selects the output generated from 
the second ampli?er 40 and controls the heater such 
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that the temperature rise rate does not exceed the preset 
temperature rise rate. 

In this manner, when the actual temperature rise rate 
is about to exceed the preset value, the actual rate is 
decreased, thereby preventing the actual rate from ex 
ceeding the preset value. 
When the actual heater temperature comes close to 

the preset value, the output from the ?rst ampli?er 35 is 
decreased, so that the rise in heater temperature is re 
stricted and hence the heater temperature is held to be 
constant. 

FIG. 22 is a detailed block diagram of the circuit of 
FIG. 21. An output signal (voltage or current) from the 
minimum value selector 36 is supplied to a power ampli~ 
?er 61. An output from the power ampli?er 61 is sup 
plied to one end of the heater 1 through a current detec 
tor 21. The other end of the heater 61 is properly 
grounded. A voltage detector 22 is connected between 
the output terminal of the power ampli?er 61 and 
ground. An output signal (voltage or current) from the 
voltage detector 22 and an output signal from the cur 
rent detector 21 are supplied to a ratio calculator 23. An 
output signal from the ratio calculator 23 is supplied to 
a resistance/temperature converter 24, an output signal 
wherefrom is supplied to the ?rst comparator 34 and a 
differentiator 71. The arrangement of any other part of 
FIG. 22 is the same as that of FIG. 21. 
The operation of the heater control device having the 

con?guration shown in FIG. 22 will be described. The 
resistance of the heater 1 is the ratio of a voltage E 
applied thereto and a current I ?owing therethrough. A 
ratio (quotient) of a signal corresponding to the voltage 
detected by the voltage detector 22 to a signal corre 
sponding to the current detected by current detector 21 
is a value corresponding to the resistance of the heater 
1. 
The resistance of the heater made of platinum (Pt), 

tungsten (W) or nickel (Ni) increases substantially lin 
early upon an increase in temperature. Therefore, the 
linear relationship between the resistance of the heater 
and the temperature thereof is established. In this man 
ner, the heater temperature can be known without ar= 
ranging a heat-sensitive element (such as a thermo= 
couple or temperaturet‘sensitive resistor). The resistan 
ce/temperature converter 24 can convert the heater 
resistance (voltage or current signal corresponding to 
the heater resistance) to a heater temperature (voltage 
or current signal corresponding to the heater tempera 
ture). In addition, the power ampli?er 61 ampli?es the 
output signal (voltage or current) from the minimum 
value selector 36 and generates a voltage or current of 
a proper level suf?cient to heat the heater 1 to the target 
temperature. This voltage (or current) is applied to the 
heater 1. The operation of any other part of the circuit 
of FIG. 22 is the same as that of FIG. 21. 
FIG. 23 shows another processing circuit section to 

be used for the sensor of the present invention. The 
circuit arrangement of FIG. 23 is substantially the same 
as that of FIGS. 21 and 22, except that a ramp rate 
presetter 41 and a ramp function generator 42 are ar" 
ranged in place of the temperature rise rate presetter 
and the temperature rise rate detector, respectively. For 
this reason, the temperature rise rate at the beginning of 
heating can be limited in accordance with the power 
(voltage or current) determined by the ramp function. 
The circuit of FIG. 23 can be simply arranged as com“ 
pared with the circuit shown in FIGS. 21 and 22. 












